In this paper, we examine the evolution of triadic motifs in a large-scale human communication network. We consider extant models of triadic evolution, emphasizing vertex-, dyadic-, triadic-and higher-level processes in order to generate testable hypotheses of the predictors of both over time triangle survival and triangle emergence from lower-order motifs. We find that the stability and formation of triangles can be predicted by factors operating at multiple levels of analysis, with dyadic processes related to strength and reciprocity and triadic processes associated with coherence in edge-weights having the most predictive power.
Introduction
A fundamental principle in network science is that networked systems are inherently dynamic, subject to specifiable patterns of temporal evolution. This proposition seems to be particularly appropriate for social networks, even though classical network analysis tended to treat them in a largely static manner thus ignoring their dynamic component. Recent research, however, shows that social networks are subject to a good deal of temporal change [1, 2] . The last three decades have seen a resurgence of interest in the evolution of social network structures, the formation of beliefs and friendships, the diffusion of information and innovations and the spread of epidemics and behaviours [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , with both Social Networks and Journal of Mathematical Sociology releasing three special issues on this topic. 1 A large chunk of research into network dynamics focuses on the processes through which content (e.g. information, ideas, behaviours, diseases, etc.) flows in networks [16] . In this paper, we focus instead on the process of network evolution. By this, we mean over time change in network structures and properties such as the number of vertices, the formation and disappearance of edges (ties), and in particular, the formation and dissolution of certain theoretically significant 'temporal motifs' such as triangles and 2-stars [17] . We aim to contribute to what social network theorists have referred to as 'the 2 of 27 C. WANG ET AL. network theory of networks', a type of analysis in which 'both independent and dependent variables involve network properties' [18] .
Recent developments in the study of network dynamics and network evolution
The resurgence of interest in social network dynamics can be traced to four enabling factors: (1) the initial development and over time maturation of theoretical models of social network change; (2) the emergence of novel research methodologies keyed to the empirical detection and characterization of dynamic change in networks; (3) the increasing availability of large-scale data on network ties and communicative interactions and (4) improvements in computational capability capable of dealing with large-scale behavioural data.
Theoretical conceptualizations of network dynamics have been a rich source of insights within the social sciences since the 1940s and 1950s [18, 19] . Beginning in the 1970s and 1980s, there has been considerable progress in the development of methodological tools designed to deal with dynamic change in networks. These include continuous time Markov chains models [9, [20] [21] [22] [23] , statistical models [11, 13, [24] [25] [26] [27] [28] [29] [30] , multi-agent simulation models [31] [32] [33] and most recently, change-detection models [34] [35] [36] [37] .
Until recently, a key limitation for researchers interested in understanding social network evolution has been the relative lack of longitudinal network data sets. This problem has been ameliorated by the 'behavioural' revolution in network data collection. By this, we refer to the increasing ease with which data sets composed of relatively unobtrusive observations on communicative interactions (through phones, email and other technologies) can be assembled. The availability of this type of largescale dynamic relational data has changed the research landscape significantly, opening up a new era of empirical research into time-varying social networks [38] . In addition, improvements in computing processor speed and the declining costs of memory capacity have allowed social network analysts to realize long-existing dreams of handling large-scale, complex dynamic network data in an efficient way.
Contributions of the present study
There are three broad propositions that command the assent of most social network analysts interested in network evolution: first, social networks are open systems since they are not comprised of fixed number of vertices. Instead, actors can and do join and leave networked systems over time. Secondly, edges are not fixed since actors can add and remove network ties even across relatively short-time scales [39] . Finally, the strength of social ties is not constant over time. Some ties may become 'strong ties' very early and then weaken over time, while other social ties begin as 'weak ties' and become stronger.
In this study, we build on these general observations, in order to examine the short-run patterns of evolutionary change in a large-scale mobile phone network. Specifically, we focus on the evolution of triadic motifs, which has been a relatively under-studied topic in network science. 2 Ignoring edge directionality, we can define four triadic isomorphic classes (shown in Table 1 ) resulting in 16 possible transition patterns from one time-period to the next. The vector of probabilities pertaining to these sets of transitions can thus be used to characterize the evolutionary change pattern of a social network in a parsimonious way.
Table 1 The triad isomorphism classes

Null triad
Single dyad 2-star/structural hole Triangle
We draw on theoretical models of network evolution in order to derive explicit theoretical predictions as to the most likely direction of change at the triadic level, enumerating the factors-at multiple levels of aggregation-that either account for triadic motif (e.g. triangles) stability or facilitate transitions from less stable (e.g. open triangles) to more stable (e.g. triangles) states. In this way, our analysis addresses a key challenge in accounting for change at the level of triads: separating the relative contribution of triadic-, dyadic-and vertex-level factors as well as higher-order 'supra-triadic' factors in explaining specific transition patterns. We use a logistic regression classifier along with partial and semi-partial correlations for this purpose showing that both endogenous and exogenous factors at multiple levels make distinct and sometimes countervailing contributions to evolutionary dynamics in social networks.
Literature review of network evolution theories
We draw on three general theoretical approaches designed to explain triadic evolution in social networks: (1) structural balance or closure models that account for the formation or dissolution of specific triadic motifs by pointing to evolutionary processes at the level of the whole triad (e.g. tendencies of one triadic configuration to evolve into a different state); (2) dyadic models that decompose the formation or breaking of triads into processes pertaining to the interdependent decision of two agents embedded in a relationship by focusing on the evolutionary mechanisms applicable to dyadic relationships such as homophily, reciprocity and tie-strength and (3) attribute-based models which posit that triadic evolution is mainly driven by the mixture of vertex-level attributes within a triad. These characteristics could be endogenous to the network (e.g. vertex degree) or exogenous attributes attached to each vertex (age, gender, etc.).
Structural balance models
The basic proposition of structural balance models is that certain triadic configurations have an inherent tendency to evolve in certain directions independently of dyadic-level or vertex-level processes. The classic observation here is the tendency of 'open' triads (the so-called 'forbidden' triad which is also referred to as a 2-star) to either transition towards the fully connected triangle or dissolve into a single dyad [43] . Structural balance models have been used to account for the fact that the number of triangles in real social networks greatly exceeds what we would observe in random Erdõs-Rényi graph [44, 45] . The classic mechanism used to explain the relative preponderance of the closed triad motifs in social networks is the balance-theoretic idea of triadic closure [43, 46, 47] often captured with the idea that 'a friend of a friend is a friend' [46, 48, 49] . In the classic statement of the theory, Heider [46] showed that the sentiment relations between three elements-the person, another person and an object (which is generally also another person)-can be categorized into two types: positive/like and negative/dislike and argued that the social (sentiment) relations tend to be in a psychological balance state if the affective valence in a system results in a positive product. Cartwright and Harary [50] used graph-theoretical tools to restate Heider's [46] balance theory and showed that structural balance implies global coalitions in signed (valued) graphs-if all network triangles are balanced the graph can be partitioned into vertex sets groups along lines of interpersonal sentiment with negative edges between and all positive edges within groups. The work of Cartwright and Harary [50] stimulated a lively line of work focusing on triadic evolution aimed at specifying how local processes influenced the evolution of global network structures. These include the 'clusterability' version of structural balance theory of Davis [45, [51] [52] [53] , ranked clustering theory [54] , transitivity theory [20, 47, [55] [56] [57] and agreement-friendship theory [58] [59] [60] [61] . The structural balance model has in recent years been applied and extended by analysing friend, enemy and communication networks obtained from large-scale on-line game data [62, 63] .
Dyadic models
The basic proposition of dyadic models is that triadic evolution is primarily driven by processes located at the level of the dyad-edge formation, edge maintenance and edge dissolution [39, 64] . From this perspective, the future evolution of a given triadic configuration is mostly reducible to the factors that predict the survival probability of its component edges, with no 'higher-level' factors needed to explain triadic evolution [65, 66] .
Recent work on the predictors of dyadic decay and persistent provides valuable theoretical resource for characterizing network evolution [2, 39, [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . At the dyadic level, strong relationships often exhibit slow decay [39] , while persistent links tend to be reciprocal [76] [77] [78] . The expectations is that closed triads composed of strong and mutual edges will be less likely to transition into another type than configurations made up of non-reciprocal and weaker edges. The same argument can be applied to dyadic characteristics that emerge from attributes of vertices such as kin-status and local vs. non-local tie attributes. Everything else equal, we should expect that triads made up of 'primary ties' (such as those characterized by geographical proximity and familial intimacy) to be more durable than those featuring secondary (non-kin and non-local) ties [79] .
Vertex attribute models
The basic proposition in attribute-based models is that a triad will be more or less likely to transition into a different future state or conversely retain its current configuration depending on specific attributes of the vertices involved. From this perspective, not all triads in a social network are created the same. Instead, triadic heterogeneity premised on the mixture of vertex-level characteristics will be crucial in accounting for triadic evolution. Some mixing patterns at the triadic level will help to sustain the integrity of a given motif (e.g. a triangle) over time, while other mixing patterns will contribute to its dissolution.
For instance, previous research has investigated the relationship between vertex degree and tie decay/persistence. Hidalgo and Rodriguez-Sickert [76] found that persistent links are more common for people with low degree, while high-degree vertices tend to have more temporary volatile connections. This implies that the degree-mixture of the vertices forming part of a triad could help predict the degree of stability in that motif. All else equal, we should expect that closed triads containing (at least) In addition, we should expect that observed patterns of assortative mixing in a network should help to predict the overall rate at which any given triadic motif transitions into another. Consider for instance, the case of assortative mixing by degree, or the tendency for low-degree vertices to be connected with other low-degree vertices and high-degree vertices to be connected with other high-degree vertices [80, 81] . We should expect that triads composed of assortative vertices should be less likely to transition into a different configuration than triads composed of disassortative vertices. Models based on the notion of preferential attachment [82] would suggest the opposite conclusion: structural stability in networks is largely the product of dyadic connections going from low-degree to high-degree individuals. If this model is on the right track, we should expect that triads composed of disassortative vertices should be less likely to transition into a different configuration than triads composed of assortative vertices.
The same reasoning can be extended to 'status' homophily based on exogenous vertex-level traits [39, 48, 70, 73, [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] . 3 For instance, in a classic study, Hallinan [77] found that differences in sex, race and popularity among triad members of 6th to 10th grade students helped to explain changes from a transitive triplet to an intransitive one. Students were more likely to change to an intransitive triplet if the original transitive triplet was comprised of members of different races or genders; race and sex-homogeneous triads were much less likely to transition into an intransitive state. Following this line of reasoning, we should expect that triads exhibiting high levels of status homophily (e.g. sameage or same-gender triads) to be more stable than status-heterogeneous triads. These effects could be either intensified or hindered by the net impact of vertex attributes on relationship maintenance that are independent of the vertex attribute mix. For instance, if certain types of vertex-level attributes in themselves contribute to relationship maintenance (e.g. women tend to have more reciprocal relationships than men [94] ), then the simple presence of vertices of a particular kind (e.g. the fact that a triad includes a woman) in a triad will help ensure the survival of a given triadic motif over time.
Higher-order (supra-triadic) effects
While not part of any systematic tradition of theorizing, it is reasonable to expect that the embeddedness of the triad in higher-order structures and motifs may have an effect on its future evolution. From this perspective, we should expect that triads embedded in denser (clique-like) parts of the network to exhibit higher levels of stability than triads located in more peripheral network locations [95] [96] [97] [98] [99] [100] . In addition, the evolution of some motifs may be driven by how changes of state contribute to the completion of certain higher-order structures in the future. Thus, we expect that insofar as a given transition generating stable higher structures (e.g. triangles or complete cliques) should be facilitated by the local structural environment.
Summary
To sum up, all the different models of network evolution discussed above provide distinct (and potentially separable) mechanisms governing triadic evolution. In the following analysis, we examine the 6 of 27 C. WANG ET AL.
relative validity and applicability of these models to the short-term evolution of triadic motifs in a real world, large-scale mobile phone network.
Analysis
Data sources
In this study, we use a large-scale data set of mobile phone calls that contains three types of metadata:
(1) Communication network metadata was extracted from the original call detail records (CDRs) from over 10 million subscribers of a European mobile phone company. 4, 5 The data cover a 65-day period in 2008. Information in the CDRs includes the origin phone number, call type (voice call or SMS which refers to short message service), destination phone number, total number of voice calls or short messages and total durations of all voice calls (there is no duration for short messages). 6 In this study, we use voice calls to determine whether two actors are connected. 7 We split the network data into two periods. We generate all topological measures, including the triad census and endogenous factors, from the CDRs.
(2) We use billing records as our second source of metadata. These provide us with the gender, age, contract type and living area (by postal code) of each customer. The data are used to produce measures of status homophily and vertex-attribute mix for each triad.
(3) Finally, we exploit geo-spatial data pertaining to the relevant country from which we generate a distance matrix and an adjacency matrix between postal-code areas. 
Data processing
Although the network data set consists of communication records for a total of 65 days, in this study we retrieve data for 56 days in order to create two periods of the same length. As shown in Table 2 10 In each period, we restrict our analysis to those dyads for which we observe more than four interactions (in-study edges). We use this threshold in order to exclude fleeting, volatile and meaningless interactions with businesses, tele-marketers, wrong numbers and others who would not normally be considered part of a person's social network. During the first period, we observe 446,149,945 communication records, and about 300 million were voice calls, which result in about 79 million edges (at 4 The metadata have been used in numerous publications [76, 78, [101] [102] [103] [104] [105] [106] . 5 For confidentiality reasons, the names of the European country and the mobile phone company are not reported. This mobile phone company has about 30% of the market and therefore has a significant numbers of subscribers. 6 Both the origin and destination phone numbers are encrypted and hashed for security reasons. 7 There are several reasons for why we use only use voice call patterns as indicators of social ties and do not look at the SMS patterns. First of all, for SMS we only have one index of tie strength-frequency-while for voice calls we have two indicesfrequency and duration. Secondly, SMS usage was not universal at the time the data were collected (2008) but heavily correlated with a customer's age. Thirdly, only 4% of social ties are SMS-only; most subscribers used both voice call and SMS to form relationships. 8 The distance matrix consists of three variables: two postal codes and the length between the centroid of the two postal-code areas in kilometres. 9 The adjacency matrix consists of three variables: two postal codes and their adjacency value. If any two postal code areas share a common border, they are treated as adjacent and the adjacency value is set to 1; otherwise set to 0. 10 We attempted to split the data into every week or every 2 weeks but the communication pattern was not stable on a weekly or biweekly base. As a result, we choose every 4 weeks to do the network analysis. At the end of the paper, we emphasize the need for data covering a longer time scale. least one interaction). After screening by the customer list, 11 we have 21,300,357 unique edges 12 and 10,413,300 in-study edges. From the more than 10 million customers, about 4.9 million were actively involved in these links during the observation period. Vertex degree ranged from 1 to 64, with 95% of the customers falling in the 1-6 range.
There were nearly 452 million communication records in the second period. Of these, about 308 million were voice calls, which can be collapsed into nearly 82 million edges (at least one interaction). The number of in-study edges between customers was 10,335,188. Nearly 5.0 million customers were actively involved in edges during this period and they had degrees ranging from 1 to 68, with 95% of the customers falling in the 1-6 range.
Triadic evolution results
Dyad census for each time period
Holland and Leinhardt [55] define M , A and N as the numbers of mutual, asymmetric and null dyads in a graph, which denote the dyad census of three isomorphic dyadic states. Since we are working on a large-scale sparse network, the number of null dyads is huge and thus neglected. As shown in Table 3 , during time 1, among the 10,413,300 observed edges, about 81% are mutual and 18% are asymmetric. A similar proportion is evident at time 2 (81.35 vs. 18.65%).
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Triad census for each time period
Holland and Leinhardt [55] also define the triad census of 16 isomorphic classes out of 64 different triad states. Given the sparse nature of the network, the null triad (003) and the single dyads (012 and 102) are neglected. This analysis produces interesting results. First, as shown in Table 4 , we find that there are many more 2-stars ('structural holes') than full triangles at both waves: 15,408,962 2-stars vs. 1,131,083 triangles at t 1 and 15,291,689 2-stars vs. 1,047,688 triangles at t 2 . Secondly, the proportion of each isomorphism class is relatively stable over the two waves. Finally, consistent with previous results comparing social networks to dominance hierarchies, there are relatively fewer cyclic triangles (030C) than transitive triangles (030T). In other words, in contrast to networks specializing in the exchange of objects, generalized (indirect) exchange [107] -vertex A connects to B, B connects to C and C connects to A-is not a common case in this communication network.
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Transition over the two periods
For purposes of studying the transition of the different triadic motifs between periods, we first treat directed edges as undirected in order to simplify the number of possible transitions (16 2 = 256 vs. 4 2 = 16). This results in 12,334,592 undirected ties during time 1 and 12,262,870 during time 2 (see Footnote 12). The numbers of 2-stars and triangles does not change, but all the isomorphic 2-stars (021D, 021U, 021C, 111D, 111U and 201) are merged into one category and all the triangles (030T, 030C, 120D, 120U, 120C, 210 and 300) are merged into another single category. In this way, we can empirically consider triadic evolution over the two waves in terms of four basic and distinct processes: (1) 2-star emergence at time 2 from other configurations at time 1, (2) triangle emergence at time 2 from other configurations at time 1, (3) time 1 2-star transitions into other configurations at time 2 and (4) time 1 triangle transitions into other configurations at time 2.
2-star emergence. As shown in the second and third columns of Table 5 , the 15,291,689 observed 2-stars at t 2 had four main configuration sources: de alio emergence from a member of a single dyad connecting to an unrelated vertex (44.72%), a stable (surviving) 2-star configuration from the prior wave (32.62%), de novo emergence from the null triad (18.71%) and from a fully connected triad losing one of its edges (2.59%). Note that it is relatively unlikely that a 2-star emerges from one configuration losing an edge and being 'replaced' with another initially unrelated edge.
Triangle emergence. As shown in the second and third columns of Table 6 , and in contrast to the pattern observed for 2-stars, most triangles (44.33%) observed at t 2 are stable configurations observed at t 1 , suggesting that triangles are temporally stable structures. The second most common pattern is consistent with the structural balance (closure) process: about 33.44% of triangles at time 2 emerge from the closing of forbidden triad (i.e. a 2-star). Next, about 17.68% of time 2 triangles emerge from the more demanding process in which both members in a single dyad connect to the same person to create a full triangle. Finally, only about 4.55% triangles emerge de novo (i.e. from the null triad).
2-star transitions. As shown in the fourth and fifth columns of Table 5 , the 15.4 million 2-stars observed at t 1 had four main destinations: (1) more than two-fifths partially decay into a single dyad by losing an edge (45.20%), (2) almost one-third persist as the same 2-star configuration (32.37%), (3) little less than one-fifth decay into the null triad by losing both edges (18.79%) and (4) and the remaining minority close into a triangle configuration (2.27%). Once again, note that it is relatively unlikely that a 2-star transitions into the same class by losing an edge and replacing it with another initially unrelated edge.
Triangle transitions. As shown in the last two columns of Table 6 , about two-fifths of triangles (41.06%) survive into the second period as the same configuration. More than one-third (35%) lose one of their edges and turn into 2-stars, while about one-fifth (19.22%) lose two of their edges and turn into single dyads. Finally, only about 4.72% of all close triads disappear entirely (transitioning into the null triad).
Triangle stability
In this section, we examine the triad evolution process by considering factors that can help us classify observed triangles at t 1 into either of the two relevant states-surviving or dissolving. Following our theoretical discussion above, we partition these factors into (1) compositional vertex-level traits (such as degree, age and gender) that generate distinct triad types (e.g. age-homogeneous vs. age-heterogeneous), (2) compositional dyadic effects (e.g. strength and assortativity) that generate distinct triad types (e.g. 'strong triads' vs. 'weak triads' [108] ) and (3) tetradic, and pentadic effects. In addition, we will examine how embeddedness of the triad in the larger network topology predicts the survival likelihood. Note that since all 1.1 million triangles in the first period have constituent edges embedded in other triangles we omit the multiple triangle embeddedness factor as a predictor of triangle stability.
Triangle classification by degree group mix. Each vertex participating in the 1,131,083 triangles at t 1 must have a vertex degree 2. We create three vertex categories ordered by degree (k)-low, medium and high-according to the orders of magnitude. Thus, we define the low-degree (2 k 5) group (88.02%), the medium-degree (6 k 10) group (10.81%) and the high-degree (k > 10) group (1.17%). 13 We then divide all t 1 triangles into 10 groups by the degree-group combinations-LLL, LLM, LLH, LMM, LMH, LHH, MMM, MMH, MHH and HHH. 14 13 When focusing on edges with more than four conversations, the degree distribution has a wide tail with 90% percentile of 5 and 99% percentile of 10. We use 5 and 10 as the thresholds to categorize degree groups.
14 L represents low, M represents medium and H represents high. Triangle classification by age group mix. We have age metadata for about 67% of the 10.2 million customers; we treat the rest as missing values on this attribute. We divide the set of vertices into three groups by age (A): low (A < 24; 7.53%), high (A > 65; 4.08%), and those in between (55.68%).
Age group effects on triangle stability. Looking at the raw survival probabilities, we find evidence for both an 'elder' and a homophily effect. The survival rate increases as the number of elders who are members of a triangle increases (e.g. 54.15% for HHH and 44.27% for MHH) while also being low for age-heterogeneous triangles (37.51% for LMH).
Gender effects on triangle stability. Turning to gender, we find evidence of both a stand-alone 'female effect' and a gender assortativity effect. The group of three females (FFF) has the highest survival rate (49.35%), and the group of two females and one male (FFM) has an above-average survival rate of 41.76%. This indicates the presence of a strong female effect. However, note that the sex-homogeneous all-male triangle (MMM, 41.31%) does not have the lowest survival rate, suggesting that there is an assortativity effect above and beyond the raw female effect. 15 Triangle classification by socioeconomic status mix. Prepaid cell phone plans are usually marketed towards low-income customers or those with bad credit, allowing us to use contract type as a proxy for socioeconomic status (SES). Those customers with a contract are considered better off and those with a prepaid plan are considered to be on average worse off. 16 SES effects on triangle stability. We find evidence for an 'SES' effect on the triangle survival rate. The survival rate is the highest for an 'all-contract' triangle type (44.97% for CCC). In addition, the survival rate declines as the number of prepaid vertices in the triangle increases so that an 'all-prepaid' triangle has the lowest survival rate (29.90% for PPP). 17 Triangle classification by kin/non-kin status. Each customer in the billing data has a distinct encrypted phone number and contract ID. If more than one of the customers shares a common contract ID that means they are under a family plan. We consider these dyads to be kin; every other dyad is considered non-kin (with the caveat that this group may include extended kin; and that some actual kin dyads may not share a phone plan).
Kin status effects on triangle stability. We find evidence for substantial kin effects on triangle survival. When all three vertices in a triangle are under a family plan, the triangle has the highest survival rate (65.64%). This is consistent with classic statements in sociological theory regarding the strength and durability of kin ties [109, 110] .
Triangle classification by dyadic geographic distance. We merge the network, billing and geospatial metadata in order to obtain the approximate geographical locations of each the vertices who are members of all t 1 triangles. We classify a dyad as local if each of the component vertices live (1) are <6 km apart. We treat all other dyads between non-adjacent postal codes that are >6 km apart as non-local. 18 Geographic distance effects on triangle stability. We find evidence of a locality effect: as the number of local dyads in a triangle increases, the higher the survival rate (46.50% for three vertices living in a local area).
Triangle classification by dyadic strength. We categorize all the undirected edges at t 1 evenly into three groups according to tie strength, which we define as the number (w) of voice calls observed in that period: weak ties (4 < w 6; 35.79%), medium-strength ties (7 w 13; 30.99%) and strong ties (w > 13; 33.22%).
Dyadic strength effects on triangle stability. We find evidence of a strong tie effect: the three groups that have above-average survival rates are those with three strong ties (SSS, 77.36%), those with two strong ties and one medium-strong tie (MSS, 58.79%), and those with one strong tie and two mediumstrong ties (MMS, 46.67%). From bivariate analysis, we find no evidence that 'strength concordant triangles' [108] are necessarily more robust than strength-heterogeneous ones (38.88% for MMM and 12.71% for WWW). 19 Triangle classification by dyadic mutuality. Using information on tie-directionality, each dyad in a triangle can be classified as either mutual (M) or asymmetric (A), yielding 2 3 /2 = 4 triangle types (MMM, MMA, MAA and AAA).
Dyadic mutuality effects on triangle stability. We find evidence of a strong mutuality effect on triangle survival. As the number of mutual edges in a triangle decreases, so does the survival rate (46.75, 33.59, 33.39 and 22.44% for MMM, MMA, MAA and AAA, respectively).
Square and pentagon embeddedness effects on triangle stability. We examined whether the survival rate of a triangle can be predicted from whether its edge(s) are embedded in tetradic and pentadic motifs. 20 These effects may be protective (aiding stability), but they may also be destabilizing. The reason for this is that the embeddedness of a triangle in a square or a pentagon may increase imbalance in relation to the vertices that belong to the higher-order motif, thus creating 'crossfire' effects in relation to the focal dyad [52] . For instance, when one of the edges in a triangle is also embedded in a square or pentagon, the two vertices in the focal edge are joined by three distinct paths: (1) the edge linking them together, (2) a path that goes through their common neighbour in the triangle and (3) a path of length of three or four through that goes through two or three other vertices in the square or pentagon. The irregular embeddedness of the last path produces imbalance in relation to the focal edge, thus threatening the temporal stability of the focal triangle.
The results are consistent with this hypothesis. As the number of edges in a triangle that are also embedded in squares and pentagons increases, the survival probability of the focal triangle declines (42.31, 37.57, 35.53 and 31.99% for zero, one, two and three edges embedded in squares and 42.01, 35.68, 33.31 and 29.27% for zero, one, two and three edges embedded in pentagons, respectively).
Clique embeddedness effects on triangle stability. In contrast to squares and pentagons, cliques consist of a densely connected set of vertices, which produce mutually reinforcing structural balance processes. We should thus find that clique embeddedness protects a triangle from dissolution. The results are consistent with this hypothesis. 
Multivariate logistic regression classifier: triangle stability
Outcome variable. We use a logistic regression classifier to ascertain the distinct predictive powerholding constant the effects of the other factors-of the various (vertex, dyad and higher order) mechanisms influencing the likelihood that a triangle will persist given that it is observed at t 1 . We used listwise deletion when dealing with missing values. The task is to classify t 1 triangles into either of two t 2 states. These are coded as 1 if it persists and 0 if the triangle transitions into another state (dissolves).
Predictors. At the vertex level, the degree and age groups enter the model as two sets of binary indicators 21 -one set of four binary indicators represents the number of low-degree vertex(s)/elder(s) in the triangle (1, 2 or 3 with zero as the comparison category), and the other set of three binary indicators represents the number of homogenous tie(s) in vertex degrees/ages. The numbers of females and contract vertices are recoded into one set of four binary indicators (1, 2 or 3 with zero as the comparison category).
At the dyadic level, the number of family-plan tie(s) and local tie(s) can only take on three values-0, 1 or 3-and thus we code them into one set of three binary indicators. The tie strength is denoted by two continuous variables-one is the sum of the tie strength (w ij ) of the three edges and the other represents the heterogeneity (H) among the tie strength of the three edges:
The number of mutual ties can take on four values 0, 1, 2 and 3 and thus is recoded into four binary indicators. Each explanatory variable at tetradic level and pentadic level is recoded into four binary indicators; those at the local structure level are recoded into two binary indicators-1 is for embedded in clique(s) and 0 for not.
Results. As shown in Table 7 , the explanatory variables at the vertex, dyadic and tetradic/pentadic levels enter the binary classifier in a stepwise fashion. The table also provides a short summary of the predictors that we used at each of these levels in the triangle stability and triangle emergence analysis. The first (lowest) category in each binary indicator set is treated as the reference group. It should be noted that since we are dealing with a big data set with more than 0.8 million triangles, even substantively irrelevant factors might turn out to be 'statistically significant'. However, the metric of interest is the substantive significance of each factor. To deal with this issue, we use semi-partial correlations as supplementary indices of predictive strength. The semi-partial correlation is the Pearson correlation coefficient between a predictor that has been residualized with respect to the other predictors and the outcome variable. This metric has a simple interpretation: it is the (square root) of the proportion of the variance in the outcome variable that is accounted for by that predictor (denoted as r below). Table 8 shows the results of the triangle stability analysis. In terms of vertex attributes, we find continuing support for the low-degree effect: triangles containing low-degree vertices are more likely to survive into the next period. What is more, we find evidence for a positive degree-assortativity effect.
In terms of exogenous vertex characteristics, we find mixed support for the bivariate effects noted above, namely, the elder effect, the female effect and the SES effect. The elder effect is definitely the weakest. After adjusting for other factors, the number of elders and the number of age homogeneous dyads in a triangle have partial and semi-partial correlation coefficients <0.01 with triangle survival. These variables are excluded as predictors of the outcome and therefore are not reported in Table 8 . Looking at the gender composition predictor, we find that after controlling for other factors (see Models 3 and 4), the FMM triangle has a higher chance of dissolving, but the triangle in which females outnumber males (FFM) and the all-female (FFF) triangle have a higher chance of surviving in comparison with triangles with no women (MMM). The number of contract vertex(s) in the triangle predicts triangle survival, indicating that the SES mix matters for the dynamic stability of triads.
We include dyadic-level predictors in Model 2. Both the locality and kinship positive effect on survival are robust to the presence of other predictors: both the partial and semi-partial correlation coefficients of these factors with the outcome are >0.05. Triangle strength (the sum of the strengths of it component ties) has a positive effect on triangle survival (0.016-0.017 in Model 2 to Model 4) and one of the strongest partial and semi-partial correlations with the outcome (r = 0.24) 22 . We also find that strength-discordant triangles (those with large heterogeneity in tie strength) are less stable than strength concordant ones (r = −0.18). Finally, the number of mutual tie(s) in the triangle has a strong positive effect (0.362-0.623 in Model 2, 0.359-0.615 in Model 3 and 0.352-0.593 in Model 4), with the likelihood of a triangle survival increasing as the number of mutual ties increases even after adjusting for other factors (r = 0.11). It is important to note that the variables at the dyadic level exhibit the most explanatory power with partial and semi-partial correlation coefficients >0.05. This is consistent with research and theory that isolates this level as the most crucial in understanding network evolution [65, 66] .
In terms of higher level effects, we continue to find evidence for the existence of a deleterious effect of triangle embeddedness in tetradic and pentadic higher motifs, as well as a protective effect of clique embeddedness. 
Triangle formation from 2-stars (structural holes)
We use the same analytic strategy as above to examine the vertex, dyadic-, triadic-and higher-level factors that influence the triangle formation process. We focus our attention on the canonical case of the 18 of 27
'structural hole' (forbidden triad) motif. There are 15,408,962 such 2-stars during the first period and 2.27% of them transition into fully connected triangles. 2-star closure by degree group mix. Each vertex participating in the observed 2-stars at t 1 has a vertex degree (k) 1. We use the same classification as above to create three degree groups, except that now the low-degree group includes vertices with k = 1.
As in the triangle stability analysis, we find a low-degree vertex effect on 2-star closure with the LLL 2-star displaying the highest triangle formation rate of 3.50%. And all other 2-star motifs have below average closure rates.
2-star closure effects by age, gender and SES group mix. We find evidence of an elder effect and an age homophily effect. The more elders in a 2-star, the larger the probability of closure (5.60% for HHH and 4.62% for MHH). In addition, the larger the number of age-homophilous edges, the larger the closure rate (2.80% for MMM and 2.78% for LLL). In terms of gender, we also find evidence of both a female effect and a gender-homophily effect, with the FFF 2-star displaying the highest closure rate (3.39%), followed by the FFM 2-star (2.50%). Note, however, the relative baseline rarity (1 out of 15 million) of the FFF 2-star, suggesting that this motif is unstable and tends towards closure. The all-male 2-star (MMM, 2.42%) displays a slightly above average closure rate, indicating the presence of a weak homophily effect. In terms of SES, we find evidence of a homophily effect but not of a raw SES effect. If a 2-star is composed of all contract or all pre-paid vertices, then it tends to display higher than expected closure rates (2.55% for CCC and 2.19% for PPP).
Dyadic effects on 2-star closure. First, we find strong evidence for a kin-effect on 2-star closure. 2-stars composed of three vertices that are in the same family plan have a closure rate (24.72%) that is about 10 times larger than baseline. Note that the all-kin 2-star is relatively rare at t 1 (0.43%) pointing to the temporal instability and the tendency towards closure of structural holes among family members. We also find evidence of the presence of local proximity dyad effect. The more local (potential or existing) edges observed in a 2-star at t 1 the higher the likelihood that the 2-star will close (3.38% for three local edges vs. 1.09% for no local edges). These findings suggest that geographic distance plays a role in the 'closing off' of structural holes [111] . Looking at the six possible '2-star strength' combinations (WW, WM, WS, MM, MS and SS), we find evidence of a tie-strength effect, with the SS and SM 2-stars displaying above-average closure rates (5.98 and 3.36%, respectively), consistent with the strength of strength of weak ties thesis [43] . There are three types of 2-stars based on mutuality (M) and asymmetry of its constituent edges (AA, AM and MM). Looking at the closure rates across these three types, we find strong evidence of a mutuality effect (2.95% for MM vs. 1.17% for AA). Triadic-and higher-level embeddedness 2-star closure effects. We find evidence of the existence of a triangle embeddedness effect on closure. When both existing edges of a 2-star are embedded in other triangles at t 1 , that 2-star has a higher than average closure rate (3.98%). For 2-stars in which neither edge is embedded in a triangle, we observe lower than expected closure rates (1.90%). We also find evidence that the embeddedness of a 2-star in higher-order tetradic and pentadic motifs increases the chances of closure (4.84% when both 2-star edges are embedded in squares and 2.73% when both 2-star edges are embedded in pentagons). This might be because even though neither the square nor the pentagon are as stable a network structure as a triangle, they are more stable than the average 2-star. At the level of local structure, we find that when the missing edge of a 2-star at t 1 is one that could potentially generate more than one triangle at t 2 , closure rates for the focal 2-star increase substantially (9.50% for generating more than three triangles, 6.26% for two and 1.71% for one). The same goes for potential missing edges that would complete cliques of different order (e.g. 4, 5 or 6-clique(s)), and this is the case the chances of closure increase dramatically beyond baseline (12.83% for closing 6-clique(s), 10.89% for closing 5-clique(s) and 7.35% for closing 4-clique(s)).
Multivariate logistic regression classifier: 2-star closure
Outcome variable. As in the previous analysis, we use a logistic regression classifier to determine the factors that contributing to sorting t 1 2-stars into either of the t 2 states of interest: closed (coded as 1) or other (coded as zero). 23 We use listwise deletion to deal with missing values and use the same stepwise process to introduce predictors into the analysis. We use partial and semi-partial correlations to ascertain the substantive significance of the various effects.
Results. In terms of vertex attributes, as shown in Table 9 , we continue to observe a positive effect of low degree and female on triangle formation. As the number of vertices in the 2-star that have low degree or are women increases, the probability of 2-star closure also increases, especially after adjusting for dyadic-and higher-level factors (see Models 2, 3 and 4). The age effects evidence partial and semi-partial correlations of <0.01 with the outcome, so they are omitted from the analysis; as before age effects are a spurious by-product of the correlation of age with other network properties. Degree assortativity increases 2-star closure, suggesting that 2-stars that contain degree-assortative vertices are more likely to close holding constant the degree of each vertex. The same goes for the SES effect measured by having a contract, which reveals a negative effect of high-SES vertices on 2-star closure. This is consistent with SES models of social capital [112] . This suggests that the networks of middleclass individuals are more likely to bridge connections across structural holes than the networks of working class persons.
In Model 2, we introduce the dyadic-level predictors, restricting the set to those that have partial and semi-partial correlations above 0.05. Consistent with the bivariate results, we find that locality, kin status and 2-star strength increase the probability of 2-star closure with other predictors held constant. At a higher level of analysis, we find that triadic embeddedness increases the chances of 2-star closure. When the lower-order effects are held constant, a 2-star with only one edge embedded in square(s) or pentagon(s) has a lower the odds of closure. As for local structural variables, 2-stars that generate multiple triangles upon closing are more likely to close, as are those which complete 4 and 5 clique(s). However, with these lower-order structural tendencies held constant, we observe a negative likelihood of closure for 2-stars that complete 6-clique(s) upon closure.
Discussion and concluding remarks
In this paper, we attempt to shed light on the endogenous dynamic mechanisms underlying the evolution of social network structures by empirically examining processes of short-term evolution in one specific 23 While it is clear that many new triangles emerge from structural holes as shown in Table 6 , it is also the case that most structural holes do not become triangles as shown in Table 5 . There are three possible paths that a t 1 2-star can follow: (1) survival as the same structure; (2) closure into a triangle and (3) dissolution into a lower-level structure. In the logistic regression analysis, we collapse outcomes (1) and (3)-so that we classify t 1 2-starts in either of two t 2 states (closure or something else). Before doing this, we also estimated logistic regression models using different subsets of t 2 states as outcomes, namely (a) closure into a triangle vs. staying a 2-star (excluding 2-stars that dissolved into something else) and (b) closure into a triangle vs. dissolution (excluding t 1 stars that survived intact into t 2 ). We found that only one predictor-number of female(s)-have the substantively comparable effects: in sub-model (a) its effect on closure into a triangle vs. staying a 2-star is not significant, while in sub-model (b) it has a significantly positive effect on triangle closure. 24 The effect of the sum of dyadic tie strengths in the 2-star is the same when only dyadic predictors enter the model. This means that this effect is not influenced by vertex degrees in the 2-star. kind of motif-the triad-in a real-life large-scale mobile phone network. Triadic structures have been central in social network theory since its very beginnings, but there has been very little research focusing on evolutionary dynamics at this level. We consider a range of processes of mechanisms that might predict triadic change, operating both at levels below (vertex attributes and their combinations, dyadic properties) and above (embeddedness in higher-order structures) in addition to considering classic triadlevel processes. Our results suggest that triadic evolution is over-determined by mechanisms of change operating at all levels, although in our data dyadic processes (especially strength, mutuality and motif concordance) seem to be preponderant.
Summary of basic findings
The strongest findings at the vertex level deal with the presence of relatively strong low-degree and assortative effects. In general, low-degree vertices have a disproportionate influence in the overall stability in the network, both in terms of the retention of coherent structures over time (in the case of triangle stability) and in the formation of those structures from other motifs in the first place (in the case of 2-star closure). High-degree vertices have the opposite effect, adding volatility and thus a degree of randomness to the network over time, both in their penchant to form relatively fleeting ties, but also in their propensity to participate in patterns with little stability in the first place. Our findings also confirm the contributions from degree assortativity to stable patterns in social networks. In terms of exogenous level factors, we find age to be the weakest contributor to either triangle stability or triangle formation, with whatever age effects observed in the bivariate case disappearing in the multivariate analysis. That said, the gender and SES mix of a triangles is a relatively reliable predictor on the stability of that motif. In general, triangles containing same-gender ties among women are more stable or are more likely to turn into stable structures. This is consistent with previous research that points to women's penchant to form strong friendship ties [113] . SES has distinct and countervailing effects on network stability. Conditional on already being a member of an existing triangle, the presence of high-SES persons makes the structure more temporally stable. However, 2-stars with a high-SES person are less likely to close. This seemingly contradictory pattern is consistent with prior work that indicates that high-SES people cultivate two types of network ties-embedded and arms-length-which they may use for distinct purposes [114] .
As already noted, dyadic-level factors are the strongest-in terms of the magnitude of the net effects observed-predictors of triadic stability. These effects are intuitive and consistent with research and theory on the factors that make social relationships durable and of objective and subjective significance. In general, 'strong' motifs (e.g. triads and 2-stars composed of strong ties) are more stable or are more likely to transition into relatively stable states than weak ones, and 'mutual motifs' (e.g. triads or 2-stars composed of all mutual ties) are more stable or are more likely to transition into stable states than asymmetric ones. This underscores the importance of tie strength [115] and reciprocity [101, 116] in the stability of social relationships.
Of comparable importance, there is a factor that has so far been relatively understudied in social networks: the relative coherence of a given triadic structure [108] . We find that motif coherence is a very strong predictor of both triangle stability and 2-star closure. In general, strength-concordant motifs are more stable than strength-discordant ones. Strength discordant motifs are more likely to transition into stable states (triangles) and are less likely to either transition into relatively unstable ones (2-star) or to transition into the null motif.
Higher-order embeddedness has predictable and intuitive effects on the overtime stability of lowerorder structures. As a rule, the more embeddedness the more stability (or the more likely it is that we will observe a transition into a stable configuration). However, we find some systematic exceptions to this overall pattern. For the most part, the general rule seems to be that if a stable motif comes to be embedded in the same or higher-order motifs of equal or greater stability then the focal motif can 'borrow' stability from its local environment thus increasing its overall stability, something similar to what Burt [39, 71] showed in the case of strong dyads embedded in triads. Here we find that triangles embedded in cliques of any size, and 2-stars whose constituent links are embedded in other triangles, squares and pentagons are more likely to survive intact over time.
The converse of this rule is also operative: when a stable motif is embedded in structures that are themselves less stable, then the relatively unstable motifs sap stability from the focal motif, increasing the chances of dissolution or decreasing the chances of transitioning into an unstable or null state. This appears to be the case for closed triads in relation to tetradic and pentadic motifs and for twostars with one of their constituent edges embedded in squares and pentagons. For the most part, the transitioning from an unstable state (like a 2-star) to a stable state (like a triangle) will be aided if this transition contributes to the stability of other motifs beyond the focal motif. Thus, 2-stars that complete cliques or close other surrounding triangles are indeed more likely to transition into fully connected triangles, although here we observe a size limit effect with the process reversing after cliques of size 5.
In sum, these results show that in order to understand the process involved in both the temporal stability and the temporal turbulence of specific network motifs such as triangles and 2-stars, researchers need to adopt a multilevel approach that examines how factors at both levels below and above the motif predict triadic evolution.
Limitations
There are three limitations of the present effort that deserve to be mentioned. First, the data we use contain limited information on the customers (here we use all of the information at hand, which includes gender, age and contract type). In addition, there is very little information on the meaning and phenomenology of network ties in these data. That means that except for the family-plan proxy, we cannot tell whether a social tie is a familial, religious, professional, recreational, work or civic (e.g. voluntary organization) tie. Secondly, we have no information on the content of calls. This is a limitation because network relations are partially constituted by the relational content that is transmitted through them [1] . As a result, we are limited to behavioural signatures when it comes to classifying ties (e.g. weak vs. strong, mutual vs. asymmetric). In the same way, unlike on-line game data [62, 63] , we are limited to 'structural' and not 'psychological' indicators of balance in each motif. Finally, our evolutionary analysis is limited to a short period. Given the relatively short temporal duration of the data, we cannot examine the likelihood that the triadic evolution patterns as well as the cross-level effects that we identify will also be found when employing a longer time scale.
Suggestions for future research
The above analysis opens up a set of empirical and theoretical issues that should be the subject of future research. First, our parallel inquiry into the multilevel factors influencing the stability of triangles as well as their formation from previous parent motifs, while largely displaying parallel results, also showed systematic contrasts in the importance of specific predictors for each of these outcomes (i.e. triangle persistence and 2-star closure). This suggests that rather than being viewed as the mirror images of the stability process, triangle emergence should be studied and theorized as a distinct phenomenon in its right. Secondly, while our focus here is on triangles as the prototypical network motif, future research should examine the relative stability of other motifs. This will require some conceptual and theoretical innovations (most classical network theory focuses on triads) in order to make sense of patterns of stability and state transition for other possibly higher-order motifs such as tetradic and pentadic structures.
In addition, processes of coupling and decoupling of motifs endowed with different degrees of stability should be the subject of more investigation. Under what conditions is a focal structure able to borrow stability from other structures? Under what conditions is the stability of a given structure undermined by its embeddedness in other less stable structures? Finally, there are issues that pertain to the long-term stability of networked systems. In extending a stability framework to multiple periods, issues of network autocorrelation come to the fore. While not an issue in the analysis reported above given the large sample size and short-time window, path-dependent effects of past history (including previous embeddedness in higher-order structures) upon the present stability of a given network structure are likely to be of inherent theoretical and practical interest.
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